Key Summary Points {#FPar1}
==================

**Why carry out this study?**Fixed-combination therapies could simplify treatment regimens and additionally avoid diluting and/or washing each drug by non-interval administration of single drugs concomitantly.Drug pharmacokinetics of fixed-combination ophthalmic solution would be affected by their formulation composition and drug-drug interaction, but the knowledge of these points is limited.We tried to clarify and compare the pharmacokinetic profiles of the new fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol with that of the respective single drugs alone and/or concomitantly.**What was learned from the study?**Ocular and systemic pharmacokinetics of brimonidine were comparable among fixed-combination, single drug and concomitant administration, but those of timolol were differ among these groups.The present study suggested the difference of pharmacokinetics in timolol is caused by the pharmacologic action of brimonidine but not by formulation composition, providing an information in pharmacokinetics under fixed-combination therapies.

Introduction {#Sec1}
============

Glaucoma is a progressive neurodegenerative eye disease characterized by the degeneration and loss of retinal ganglion cells and their axons. As the intraocular pressure (IOP) is related to retinal ganglion cell death, the most common initial therapy for glaucoma is to decrease IOP through ophthalmic administration of one or more drugs \[[@CR1]\].

Patients with glaucoma initially undergo monotherapy such as treatment with a prostaglandin analog or beta-blocker \[[@CR2]\]. However, in 40--75% of patients with open-angle glaucoma, monotherapy fails to achieve sufficient IOP reduction after \> 2 years of treatment, and combination therapy becomes necessary \[[@CR3]\]. Administration of multiple medications could reduce patient compliance in terms of treatment schedule, such as increased number of instillations \[[@CR4]--[@CR7]\]. Furthermore, 22--59% of patients with multiple medications used eye drops without an appropriate administration interval, despite instructions to instill multiple medications with at least 5--10-min intervals to avoid diluting and/or washing each other from the cul-de-sac \[[@CR8]--[@CR10]\]. Fixed-combination therapies provide a number of ocular agents in a single formulation, thereby simplifying treatment regimens and reducing the number of daily instillations.

Brimonidine tartrate, a highly selective *α*~2~-adrenergic agonist, is an IOP-lowering drug. It decreases the IOP by reducing the production of aqueous humor and increasing its outflow via the uveoscleral pathway \[[@CR11]\]. Timolol, a nonselective β-adrenergic receptor-blocking agent, acts by reducing the intracellular concentrations of cyclic adenosine monophosphate \[[@CR12]\]. These two agents are used concomitantly in many patients to effectively lower the IOP because they have different mechanisms. A fixed-combination ophthalmic solution of 0.2% brimonidine tartrate and 0.5% timolol (Combigan^®^; Allergan Inc., Irvine, CA, USA) was first marketed in Canada and then in \> 60 other countries including the USA. In Japan, a fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol (Aibeta^®^; Senju Pharmaceutical Co., Ltd., Osaka, Japan) was approved recently. However, pharmacokinetic studies on the use of combination brimonidine and timolol ophthalmic solutions are limited \[[@CR13]\].

The purpose of the present study was to compare ocular and systemic absorption in rabbits after topical administration of a fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol (equivalent to 0.68% timolol maleate) with that after single and concomitant administration of the respective single drugs. We also investigated the distribution of brimonidine in the posterior ocular tissues such as the vitreous body and retina/choroid because recent studies demonstrated that brimonidine has a neuroprotective effect via the retinal α~2~-adrenergic receptor \[[@CR14]--[@CR16]\]. Additionally, the effect of an administration interval between brimonidine and timolol single drugs on ocular drug absorption was investigated when these single drugs were administered concomitantly to strengthen the relevance of fixed-combination drugs from the point of view of ocular pharmacokinetics.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Male Japanese white rabbits (Kbs:JW) weighing approximately 1.4--1.9 kg were obtained from Kitayama Labes Co., Ltd. (Nagano, Japan). The animals were maintained in conventional animal rooms and individually housed in plastic cages in an air-conditioned room with a temperature of 22 °C ± 3 °C, 55% ± 10% relative humidity, and a 12-h light/dark cycle. The animals were fed with a commercial diet (Lab R Stock; Nosan Corp., Tokyo, Japan) once daily and were given tap water ad libitum. Dumbbells (Bio-Serv; Flemington, NJ, USA) were provided in each animal cage for environmental enrichment. Standard procedures and housing conditions were applied in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). All procedures were in accordance with the guidelines for animal experimentation at Senju Pharmaceutical Co., Ltd., and the protocol was reviewed by the Institutional Animal Care and Use Committee (IACUC).

Drugs and Chemicals {#Sec4}
-------------------

Fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol (BMD/TIM) was prepared according to the formulation approved in Japan (Aibeta^®^). A 0.1% brimonidine tartrate ophthalmic solution (BMD; Aiphagan^®^; Senju Pharmaceutical Co., Ltd.) and a 0.5% timolol ophthalmic solution (TIM; Timoptol^®^; Santen Pharmaceutical Co., Ltd., Osaka, Japan) were obtained commercially. The reference standards used for quantitation were the same as those for the preparation of BMD/TIM. The internal standard, 5-chloro-6-(2-imidazolidinylideneamino) quinoxaline, was provided by Allergan Inc. (Irvine, CA, USA). All other reagents were special grade or higher and were obtained commercially.

Effect of Administration Interval on Ocular Absorption {#Sec5}
------------------------------------------------------

TIM (35 µl) was concomitantly administered 5 min after BMD (35 µl) instillation to one eye of the rabbits (concomitant 5-min-interval group). For the other eye of each rabbit, TIM (35 µl) was concomitantly administered after BMD (35 µl) instillation successively within 10 s (concomitant non-interval group) to simulate a use of two eye drops without an administration interval. Aqueous humor was collected at 0.5, 1, and 2 h after the first drug administration (*n* = 3/time point).

Ocular Absorption After Topical Administration {#Sec6}
----------------------------------------------

Rabbits were single-dosed with BMD/TIM (combination group), BMD (brimonidine group), or TIM (timolol group) or were dosed concomitantly with BMD and TIM (concomitant group). A 35-µl drop of ophthalmic solution was topically administered to each eye of the rabbits (*n* = 3/time point). For the concomitant group, BMD was administered 5 min after TIM instillation. Aqueous humor was collected from the rabbits at 0.25, 0.5, 1, 2, and 4 h after the first drug administration.

Brimonidine Distribution in the Posterior Parts of the Eye {#Sec7}
----------------------------------------------------------

A single 35-µl drop of BMD/TIM (combination group), BMD (brimonidine group), or TIM (timolol group) was applied to one eye of each rabbit (*n* = 3/time point). In the concomitant group, a single 35-µl drop of BMD was applied to one eye of each rabbit followed 5 min later by a single 35-µl drop of TIM in the same eye. At three time points (0.5, 1, and 2 h) after the first administration, rabbits were euthanized by an intravenous overdose of pentobarbital sodium. The eyes were enucleated immediately after the rabbits had been euthanized. Enucleated eyes were frozen in liquid nitrogen and were divided at the equator. The vitreous body and retina/choroid were collected from each divided eye.

Systemic Absorption After Topical Administration {#Sec8}
------------------------------------------------

A single 35-µl drop of BMD/TIM (combination group), BMD (brimonidine group), or TIM (timolol group) was applied to one eye of each rabbit (*n* = 3). Blood samples were collected from each rabbit at 0.25, 0.5, 1, 2, or 4 h via the auricular vein. The blood samples were cooled in ice as soon as possible after blood sampling and plasma obtained by centrifugation (set at 4 °C, 2000 × *g* for 10 min).

Bioanalysis of Drug Concentration {#Sec9}
---------------------------------

All bioanalysis samples were stored at − 80 °C until sample processing. Brimonidine and timolol concentrations in ocular tissues and plasma samples were determined by liquid chromatography-tandem mass spectrometry. Ocular tissues excluding aqueous humor and plasma samples were pretreated with solid-phase extract methods before analysis using OASIS HLB (Waters, Milford, MA, USA).

Pharmacokinetics Analysis {#Sec10}
-------------------------

Pharmacokinetics analysis was performed by noncompartmental analysis using Phoenix^®^ WinNonlin^®^ version 6.3 (Certara LP, Princeton, NJ, USA). The time to the maximum concentration (*T*~max~), maximum concentration (*C*~max~), and area under the curve (AUC) in the aqueous humor and plasma were determined.

Results {#Sec11}
=======

Administration Interval {#Sec12}
-----------------------

In both groups, the aqueous humor concentrations of brimonidine and timolol attained their peak values within 1 h after administration (Fig. [1](#Fig1){ref-type="fig"}). The brimonidine concentration of the aqueous humor in the concomitant non-interval group was lower than that in the concomitant 5-min-interval group. The *C*~max~ and AUC~0-2~ values of brimonidine in the concomitant non-interval group were 0.5- and 0.6-fold lower, respectively, than that in the concomitant 5-min-interval group (Table [1](#Tab1){ref-type="table"}). In addition, the timolol concentration in the aqueous humor in the concomitant non-interval group was also lower than that in the concomitant 5-min-interval group.Fig. 1Brimonidine (**a**) and timolol (**b**) concentrations in the aqueous humor after concomitant administration of 0.1% brimonidine tartrate ophthalmic solution (BMD) and 0.5% timolol ophthalmic solution (TIM) in rabbits. TIM (35 µl) was administered 5 min after BMD (35 µl) instillation to one eye of each rabbit. For the other eye of each rabbit, TIM was administered after BMD (35 µl) instillation in succession within 10 s in the non-interval group. Data are presented as mean ± standard deviation (*n* = 3)Table 1Pharmacokinetic parameters of brimonidine and timolol in the aqueous humor after concomitant administration of 0.1% brimonidine ophthalmic solution and 0.5% timolol ophthalmic solution with or without administration interval in rabbitsGroupBrimonidineTimolol*T*~max~ (h)*C*~max~ (ng/ml)AUC~0--2~ (ng·h/ml)*T*~max~ (h)*C*~max~ (ng/ml)AUC~0--2~ (ng·h/ml)Concomitant 5-min interval1622 ± 78821 ± 4114990 ± 45206300 ± 2040 Non-interval0.5340 ± 105463 ± 770.52900 ± 8403920 ± 540*C*~max~ is presented as mean ± standard deviation (*n* = 3). AUC~0--2~ is presented as mean ± standard error (*n* = 3)*T*~*max*~ time to maximum concentration, *C*~*max*~ maximum concentration, *AUC*~*0--2*~ area under the curve from time 0--2 h

Ocular Absorption {#Sec13}
-----------------

The aqueous humor concentration of brimonidine in the combination group attained peak values at 0.5 h after administration and thereafter decreased rapidly (Fig. [2](#Fig2){ref-type="fig"}). In the other groups, the ocular absorption of brimonidine was also rapid after ocular administration, and maximum concentrations peaked at 0.5 or 1 h after administration. No differences in *C*~max~ or AUC~0--4~ values were observed between the combination and brimonidine groups, which were 0.6- and 0.7-fold lower, respectively, than those in the concomitant group (Table [2](#Tab2){ref-type="table"}).Fig. 2Brimonidine (**a**) and timolol (**b**) concentrations in the aqueous humor after the administration of fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol (combination group), 0.1% brimonidine tartrate ophthalmic solution (BMD) (brimonidine group), or 0.5% timolol ophthalmic solution (TIM) (timolol group) or concomitant administration of these single drugs (concomitant group) in rabbits. A 35-µl drop of ophthalmic solution was topically applied to each eye of the rabbits. In the concomitant group, BMD was administered 5 min after TIM instillation. Data are presented as mean (*n* = 2) or mean ± standard deviation (*n* = 3--6)Table 2Pharmacokinetic parameters of brimonidine and timolol in the aqueous humor after topical administration to rabbitsGroupBrimonidineTimolol*T*~max~ (h)*C*~max~ (ng/ml)AUC~0--4~ (ng·h/ml)*T*~max~ (h)*C*~max~ (ng/ml)AUC~0--4~ (ng·h/ml)Combination0.5393 ± 140599 ± 9113410 ± 20205550 ± 750Brimonidine0.5395^a^595 ± 93------Timolol------0.252580 ± 10803520 ± 540Concomitant1673 ± 201911 ± 930.53560 ± 20205160 ± 530*C*~max~ is presented as mean ± standard deviation (*n* = 3--6). AUC~0--4~ is presented as mean ± standard error (*n* = 2--6)*T*~*max*~ time to maximum concentration, *C*~*max*~ maximum concentration, *AUC*~*0--4*~ area under the curve from time 0--4 h^a^This value is presented as mean (*n* = 2)

The aqueous humor concentration of timolol in the combination group attained peak values 1 h after administration and thereafter decreased rapidly (Fig. [2](#Fig2){ref-type="fig"}). In the other groups, topically administered timolol was also rapidly absorbed and eliminated in the aqueous humor. The *C*~max~ and AUC~0--4~ values in the combination group were comparable to those in the concomitant group and were 1.3- and 1.6-fold higher, respectively, than those in the timolol group (Table [2](#Tab2){ref-type="table"}).

Ocular Tissue Distribution of Brimonidine in the Posterior Parts of the Eye {#Sec14}
---------------------------------------------------------------------------

Topically applied brimonidine was distributed rapidly in the vitreous body and retina/choroid in all groups (Fig. [3](#Fig3){ref-type="fig"}). In all posterior ocular tissues, similar brimonidine concentration-time curves were observed among these groups. The posterior vitreous body showed the lowest brimonidine concentration in posterior ocular tissues. The *C*~max~ values in the posterior vitreous body were 0.622 ± 0.318, 0.954 ± 0.520, and 0.618 ± 0.316 ng/g in the combination, brimonidine, and concomitant groups, respectively.Fig. 3Brimonidine concentrations in the anterior (**a**) and posterior (**b**) parts of the retina/choroid and vitreous body after the administration of fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol (combination group) or 0.1% brimonidine tartrate ophthalmic solution (BMD) (brimonidine group) or concomitant administration of BMD and 0.5% timolol ophthalmic solution (TIM) (concomitant group) in rabbits. A 35-µl drop of ophthalmic solution was topically applied to each eye of the rabbits. In the concomitant group, TIM was administered 5 min after BMD instillation. Data are presented as mean ± standard deviation (*n* = 3--4)

Systemic Absorption {#Sec15}
-------------------

The brimonidine *T*~max~ values in the plasma were similar between the combination and brimonidine groups, which were 0.33 and 0.43 h after administration, respectively (Fig. [4](#Fig4){ref-type="fig"}). After the *T*~max~, brimonidine concentrations rapidly decreased in both groups. No differences in *C*~max~ or AUC~0--4~ values were observed between these two groups (Table [3](#Tab3){ref-type="table"}).Fig. 4Brimonidine (**a**) and timolol (**b**) concentrations in the plasma after single administration of fixed-combination ophthalmic solution of 0.1% brimonidine tartrate and 0.5% timolol (combination group), 0.1% brimonidine tartrate ophthalmic solution (BMD) (brimonidine group), or 0.5% timolol ophthalmic solution (TIM) (timolol group) in rabbits. A 35-µl drop of ophthalmic solution was topically applied to each eye of the rabbits. Data are presented as mean ± standard deviation (*n* = 3)Table 3Pharmacokinetic parameters of brimonidine and timolol in the plasma after topical administration to rabbitsGroupBrimonidineTimolol*T*~max~ (h)*C*~max~ (pg/ml)AUC~0--4~ (pg·h/ml)*T*~max~ (h)*C*~max~ (pg/ml)AUC~0--2~ (pg·h/ml)Combination0.331190 ± 2301540 ± 1000.3311,300 ± 350015,700 ± 2200Brimonidine0.43947 ± 701380 ± 100------Timolol------0.3311,400 ± 290010,300 ± 1200*T*~max~ is presented as mean (*n* = 3). *C*~max~, AUC~0--4~, and AUC~0--2~ are presented as mean ± standard deviation (*n* = 3)*T*~*max*~ time to maximum concentration, *C*~*max*~ maximum concentration, *AUC*~*0--4*~*or AUC*~*0--2*~ area under the curve from time 0 to 4 or 2 h

In both the combination and TIM groups, the plasma concentrations of timolol attained their peak values at 0.33 h after administration and decreased thereafter (Fig. [4](#Fig4){ref-type="fig"}). The *C*~max~ values were similar between these two groups, whereas the AUC~0--2~ value in the combination group was 1.5-fold higher than that in the timolol group (Table [3](#Tab3){ref-type="table"}).

Discussion {#Sec16}
==========

Several reports have shown that an insufficient administration interval between two drugs in the concomitant administration lowers the pre-corneal drug concentration by diluting and/or by washing each other and reducing the penetration of drugs to the aqueous humor \[[@CR17], [@CR18]\]. In the present study, brimonidine concentrations in the aqueous humor after concomitant administration of BMD and TIM without administration interval were approximately two times lower than those with a 5-min interval. In addition, the concentrations of timolol, which was the second administered drug, in the aqueous humor after concomitant administration without administration interval tended to be lower than those with 5-min interval. These results strongly support the findings of previous reports \[[@CR17], [@CR18]\] as well as the general recommendation of instilling with an appropriate interval when successive administration of eye-drop drugs from the viewpoint of ocular pharmacokinetics. Fixed-combination ophthalmic solutions could avoid this issue by instilling each eye-drop drug concomitantly. In this study, the ocular tissue distribution of brimonidine or timolol after administration of a fixed-combination ophthalmic solution of these drugs, BMD/TIM, was investigated by comparing it with that after single or concomitant administration of these single drugs, BMD and TIM.

The formulation composition influences corneal drug penetration \[[@CR19]--[@CR22]\]. BMD/TIM contains benzalkonium chloride (BAK) and ethylenediaminetetraacetic acid (EDTA), which are typical agents that influence ocular drug pharmacokinetics. BMD does not contain BAK, but TIM does at the concentration of 0.005%. Neither BMD nor TIM contains EDTA. In addition, the bioavailability of brimonidine and timolol in the aqueous humor following ophthalmic administration is enhanced by increasing the solution pH, in accordance with the pH partition hypothesis \[[@CR23]--[@CR25]\]. For a fixed-combination drug, these differences in formulation raised a concern about whether corneal drug penetrations of brimonidine and timolol were changed or not. However, many researchers reported that the enhancing effect of BAK on corneal permeability of ophthalmic drugs appears to be concentration-dependent in the range of 0.005--0.05% \[[@CR22], [@CR26], [@CR27]\], and the BAK concentration in BMD/TIM is \< 0.005%. The concentration of EDTA in both BMD/TIM and TIM is lower than that reported to affect the ocular absorption of timolol \[[@CR28]\]. Moreover, BMD/TIM was formulated at a target pH similar to that of BMD and TIM. Thus, it was expected that BMD/TIM would show comparable drug concentrations of brimonidine and timolol in the aqueous humor with BMD and TIM. The present result showed that the brimonidine *C*~max~ and AUC values in the aqueous humor were comparable between BMD/TIM and BMD. Regarding systemic pharmacokinetics, a similar trend with the aqueous humor was seen in the plasma concentrations of brimonidine.

Meanwhile, our data showed that the timolol *C*~max~ and AUC values of BMD/TIM in the aqueous humor were higher than those of TIM, whereas these values of BMD/TIM were comparable to that after concomitant administration of the single drugs. These findings indicate that the ocular absorption of timolol might be affected by brimonidine, but not by differences in formulation compositions, such as preservatives, for the above-described reason. Transporters in the corneal epithelium have been reported to module the ocular bioavailability of their substrates administered topically \[[@CR29]\]. However, enhanced timolol concentration in the aqueous humor may not be caused by the transporter effect because Sakanaka et al. \[[@CR30]\] reported that timolol permeation through the corneal epithelium was predominantly contributed by passive diffusion. Urtti and Kyyrönen \[[@CR31]\] have shown that epinephrine and phenylephrine, which induce vasoconstriction, slowed the absorption of timolol from the conjunctiva and nasal mucosa to systemic circulation by reducing the blood flow in the main sites for the systemic absorption of topically applied timolol. Brimonidine was reported to induce ocular vasoconstriction primarily via the α~2~-adrenergic receptor \[[@CR32]\]. Therefore, the brimonidine-induced vasoconstriction in the conjunctiva and nasal mucosa could cause the retention of timolol in the conjunctiva, probably resulting in an increase in the timolol transition into ocular tissues.

This consideration in ocular pharmacokinetics would be supported by the results on the systemic pharmacokinetics of timolol. Elimination of timolol in the plasma seemed to be slower in BMD/TIM administration than that in TIM administration. This implies a delay of systemic absorption that is probably caused by the brimonidine-induced vasoconstriction in the conjunctiva and nasal mucosa. Taken together, these results suggest that systemic exposure of timolol is not affected by the difference of formulation composition, but by the pharmacologic action of brimonidine.

Since the target tissue of the neuroprotective effect of brimonidine is the retina, it is important to investigate the drug distribution in the posterior parts of the eye after BMD/TIM administration. A previous study showed that, in most patients, topical multiple administration of BMD twice daily reached a brimonidine vitreous concentration \> 2 nM \[[@CR33]\], which is the concentration necessary to activate the *α*~2~-adrenergic receptor \[[@CR34]\]. In addition, Shinno et al. \[[@CR35]\] suggest that the brimonidine concentration in the vitreous body can be a surrogate indicator of the free concentration in the posterior retina/choroid, which is regarded as an available fraction for receptor binding. In this study, topical administration of BMD/TIM showed similar concentration-time curves of brimonidine to BMD administration and concomitant administration of BMD and TIM in the posterior parts of the eye, including the vitreous body, and produced a brimonidine concentration in the vitreous body and retina/choroid \> 2 nM (0.584 ng/g). Therefore, topical administration of BMD/TIM could achieve a brimonidine concentration that can sufficiently exert a neuroprotective effect on target tissues.

The present study has a few limitations. This study of BMD/TIM focused on pH and preservatives; hence, changing other formulation factors such as viscosity, ion pair formation, and others can possibly alter ocular absorption. Further studies with other fixed-combination drugs would be necessary to clarify not only the above formulation factors but also drug-drug interaction of ocular pharmacokinetics and pharmacodynamics in fixed-combination ophthalmic solution.

Conclusions {#Sec17}
===========

We demonstrated that the ocular pharmacokinetics of brimonidine and timolol after ophthalmic administration of a fixed-combination ophthalmic solution (BMD/TIM) was comparable to that of the single drugs (BMD or TIM) alone and/or their concomitant administration. A trend similar to that of ocular absorption was observed in systemic absorption. These results indicate that the effect of the formulation composition of BMD/TIM on drug pharmacokinetics is comparable to that of the respective single drugs after ophthalmic administration. Meanwhile, the present results demonstrated that brimonidine somewhat altered the ocular and systemic absorption of timolol, which is possibly due to local vasoconstriction induced by brimonidine. This study also clearly showed that concomitant administration of BMD and TIM without an administration interval lowered ocular absorption of both drugs. BMD/TIM could be a new therapeutic alternative for the treatment of glaucoma that eliminates concerns about administration interval, making it a convenient treatment for patients.
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